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In this paper, error performance analysis of decode-and-forward (DF)-based cooperative vehicular networks with
relay selection is investigated. All of the links in the system are modeled as cascaded Nakagami-m distributed
random variables which provide a realistic description of an intervehicular channel. We employ virtual-noise
(VN)-based demodulation, maximum likelihood (ML) demodulation, cooperative maximal ratio combining (C-MRC),
and log-likelihood-ratio-based transmissions in mitigating error propagation effect encountered in DF cooperative
networks. In order to obtain more effective solutions and improve the system performance, we introduce hybrid
anti-error propagation approaches, namely VN-MRC, VN-ML, and VN-LLR in which relay selection criterion is
derived by using conditional bit error rate (BER) expressions of VN technique while data detection is performed
by utilizing maximal ratio combining (MRC), ML detection, C-MRC and LLR transmission methods. The performance
analyses and the numerical results for cascaded Nakagami-m channels have shown that VN-LLR approach provides
significant performance improvement with respect to the other considered techniques in DF cooperative vehicular
systems with relay selection.
Keywords: Cooperative communication; Decode and forward; Relay selection; Maximal ratio combining; Virtual noise;
Maximum likelihood; Log-likelihood ratio; Cooperative maximal ratio combining; Cascaded Nakagami-m fading1 Introduction
In most of the wireless applications, the users may not
be able to support multiple antennas due to the size,
complexity, and power limitations. The fundamental
challenges of wireless medium such as time-varying
characteristics of the channels and multiuser interfer-
ence can be mitigated with cooperative diversity which
depends on the concept of cooperation among distrib-
uted single-antenna wireless nodes and emerged recently
as an alternative to multi-antenna systems to obtain
spatial diversity [1-3]. The main idea behind cooperative
diversity systems is that the source and the destination
terminals communicate with each other with the help of
intermediate nodes called relay terminals. Various co-
operative relaying schemes exist in literature and two of
the most well-known are amplify-and-forward (AF) and
decode-and-forward (DF) protocols. In AF relaying, the
relay terminal transmits a scaled version of received* Correspondence: a.ipekakin@gmail.com
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in any medium, provided the original work is psignal without decoding the message. In DF relaying, the
relay terminal decodes its received signal and then re-
encodes it for transmission to the destination [1-4]. The
fundamental destructive effect encountered in AF-based
wireless networks is the re-transmission of the amplified
version of the noise terms while the most important
problem in DF-based cooperative systems is the error
propagation due to the decoding errors at relay termi-
nals which cause reduction in the effective signal-to-
noise ratio (SNR) at the destination.
Performance of wireless relay networks can further be
improved by selection of cooperating relays [5,6]. In
most of the relay selection-based cooperative network
structures in the literature, the data transmission is real-
ized with single relay selection. Bletsas et al. have pro-
posed a relay selection algorithm for multi-relay systems
in [7] where the best relay is chosen for transmission. In
[8], the authors propose a relay selection criterion in
which the relay with the maximum SNR in relay-to-Open Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
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based on scaled harmonic means of the instantaneous
SNRs of source-to-relay and relay-to-destination [9]
links also exist in the literature.
In AF cooperative systems, Anghel and Kaveh showed
that maximal ratio combining (MRC) is the optimum
detection technique at destination [10]. On the other
hand, MRC may not supply full diversity gain in DF co-
operative systems because of the error propagation. Al-
though, maximum likelihood (ML) technique may be
impractical in some scenarios, it was shown in [2] that
ML detection achieves full diversity level for single-relay
DF-based cooperative systems. Laneman and Wornell
proposed a piecewise linear (PL) approximation [11]
which removes non-linear behavior of the optimum ML
receiver [11,12] and simplifies the mathematical ana-
lyses. However, this approach still requires considering
all possible symbol detection cases at the relays as well
as the destination which increases the complexity of the
receiver exponentially with the modulation order and
the number of users. In [13], Yi and Kim showed that
cooperative maximal ratio combining (C-MRC) tech-
nique has nearly the same performance as the optimum
ML technique with less complexity and they combined
the C-MRC technique with the relay selection. Another
recent demodulation technique developed for combating
error propagation problem is virtual noise (VN)-based
detection [14]. This technique depends on the idea of
considering the detection errors at the relay as addition
of virtual noise at the destination node. This new concept
removes the computational complexity encountered in
realization of ML-based receivers and provides full diver-
sity advantage. In [14], VN-based demodulation approach
has been applied to different cooperative communication
scenarios. In [15-20], log-likelihood-ratio (LLR)-based
transmission model which is also known as decode-
amplify-forward (DAF) protocol or soft information relay-
ing has been proposed as another promising method for
alleviating the effect of error propagation. In this ap-
proach, the soft estimates of the corresponding transmit-
ted symbols are forwarded in an analog manner to
combine the coding gain in DF protocol and the soft rep-
resentation of the data in AF technique. Here, relay will
first soft decode the received signal, amplify the LLR
values of each bit at the output of the decoder, and finally
transmit them to destination [18].
Experimental results and theoretical analyses demon-
strate that classical fading channels, i.e., Rayleigh, Rician,
Nakagami, and the related second-order channel statis-
tics proposed originally for a base station-to-mobile link
fail to provide an accurate model for intervehicular links
[21,22]. Instead, cascaded fading channel models have
been proposed which provide a more realistic descrip-
tion of vehicle-to-vehicle channels or mobile-to-mobilechannels where two or more independent fading pro-
cesses are assumed to be generated by independent
groups of scatterers around the two mobile terminals
[22,23].
The cascaded Rayleigh fading channel [24] obtained by
the product of N-independent Rayleigh distributed ran-
dom variables is one of the important forms of cascaded
fading models. For N = 2, it reduces to double Rayleigh
fading distribution which has been considered in
[25-27]. Afterwards, this model has been extended to
the cascaded Nakagami-m channel in [28-31]. Cascaded
Rayleigh and cascaded Nakagami-m fading channels are
also studied in cooperative communication systems [32]
and references there in. Cascaded Weibull fading chan-
nel is investigated in [33] and cascaded generalized-K
fading channel is further introduced and investigated in
[34]. The outage and the SER performance of two-way
communication are examined over cascaded Nakagami-
m fading channels in [35]. Moreover, the performance of
VN-based detection technique for mitigating error
propagation in wireless relay systems employing DF
protocol is investigated in [36].
In this paper, we consider a DF-based cooperative ve-
hicular communication system model with relay selec-
tion where the underling channels between cooperation
nodes are modeled as cascaded Nakagami-m distribu-
tion. After investigating the error performance of MRC
and C-MRC detectors, we introduce VN-MRC-, VN-
ML-, and VN-LLR-based system models with relay
selection. The reminder of this paper is organized as
follows: Section 2 presents the system and channel
model. In Section 3, we focus on the relay selection
methods and performance analysis of considered system.
In Section 4, the numerical results are presented. Finally,
the concluding remarks are given in Section 5.2 System and channel model
We consider intervehicular cooperative communication
system with a source (S), a destination (D), and M relay
(R) vehicles as shown in Figure 1. Every terminal oper-
ates in half-duplex mode and is equipped with a single
antenna.
The normalized distances between the source and kth
relay, kth relay and destination, and source and destination
are represented by dSRk , dRkD , and dSD, respectively. The
complex fading coefficients of SRk, RkD, and SD links are
denoted by αSRk ; βRkD, and αSD, respectively. The mag-
nitude of all of the links follow cascaded Nakagami-m
distribution which is the product of N Nakagami-m
distributions as αSRk ¼ α1SRk… αNSRk ; βRkD ¼ β1RkD…
βNRkD ; αSD ¼ α1SD … αNSD where N is the degree of cas-
cading. The probability density function (PDF) of
Nakagami-m distribution is given by [37]:
Figure 1 System model.
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, Γ(.) is the
Gamma function [37], Ω = E{Z2}, m =Ω/E{Z2 ‐Ω2} ≥ 0.5
is the Nakagami-m fading parameter and E{.} is the stat-
istical expectation operation. Note that m = 1 case corre-
sponds to the Rayleigh distribution. By using (1), the
PDF of cascaded Nakagami-m fading channel can be
given as [28]:













where V∈ αSD; αSRk ; βRkD
n o
and G:;::;: :ð Þ is the Meijer-G
function [28]. In this paper, destination node is assumed
to have full channel state information of the system via
pilot signaling, determines the relay with best channel
condition and declares the index of the selected relay to
all relays through the feedback link.
The transmission is accomplished in two phases. In
the first phase, the source transmits its binary phase-
shift keying (BPSK) modulation symbol block x and the











xαSD þ nSD; ð4Þ
where Es is the average transmitted energy per symbol
and nSRk and nSD represent noise terms at the kth relay
and the destination, respectively. In the second phase,
the selected relay terminal estimates the signal received
at the first phase and then transmits the estimatedsymbol block x ̂k to the destination. The received signal





x^kβRkD þ nRkD; ð5Þ
where:








and nRkD is the noise term at the destination. All noise
terms in (3) to (5) are the additive white Gaussian noise
(AWGN) components modeled as complex random var-
iables with zero mean and variance of N0/2 per dimen-
sion. Then, the instantaneous SNRs of the S→ Rk, Rk→
D, and S→D links can be given as γSR
k
¼ Es αSRkj j2=N0;
γRkD ¼ Es βRkD
 2=N0 and γSD = Es|αSD|2/N0, respectively.
3 Relay selection criteria and symbol error rate
analysis
In this section, mathematical expression of the relay se-
lection criteria and performance analyses of the consid-
ered schemes are provided.
3.1 MRC-based model
In MRC-based relaying model, the end-to-end bit error
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where η = 2 for BPSK modulation. Therefore, the relay





where k denotes the index of the selected relay. At the
destination, MRC technique is used to combine the sig-
nals ySD and yRkD. Thus, the combined signal at the des-
tination can be given as:
yD ¼ ωSDySD þ ωRkDyRkD ð10Þ
Here, ωSD and ωRkD are the weighting coefficients
which are the functions of αSD and βRkD. Substituting
ωSD ¼ αSD and ωRkD ¼ βRkD into (10), the combined sig-
nal at the destination can be given as:
yD ¼ αSDySD þ βRkDyRkD ð11Þ
where (.)* denotes the complex conjugate operator. The
received SNR at the destination can be expressed as






pγSD xð Þpγb γtot−x
 	
dx ð12Þ
The end-to-end probability of error can be written as
[39]:
Pe ¼ PpropPSRk þ 1−PSRkð ÞPMRC ; ð13Þ
where Pprop denotes the probability of error propagation
and PMRC is the error probability of combined signals.
Pprop can be approximated for BPSK modulation by [39]:
Pprop≈γ b= γ b þ γ SD
 	 ð14Þ
where γ b and γ SD are the expected values of γb and γSD,
respectively. Similarly, PSRk is the probability of error in













⋅ð Þ is the PDF of γSRk and erfc(.) is comple-
mentary error function. pγSRk
xð Þ can be given as [28]:pγSRk



















erfc xð Þ ¼ 1ﬃﬃﬃ
π
p G2;01;2 x 10;0:5
  ð17Þ
with the help of [40] (Eq. 07.34.21.0011.01), the expres-



















The error probability of combined source-destination














The error probability of the considered system can be
obtained by substituting (14), (18), and (19) into (13).
3.2 C-MRC-based model
The decision rule at the destination for C-MRC-based
model can be written as [38]:





where Ax = {−1, + 1} for BPSK modulation. In the previ-
ous section, it is mentioned that, in the MRC technique,
weighting coefficients were chosen as ωSD ¼ αSD and
ωRkD ¼ βRkD to maximize the SNR at the output of com-
biner. This choice may decrease the average SNR ob-
tained at the destination especially when detection
errors occur at the relay terminal. In order to solve this
problem C-MRC technique is proposed in which ωSD is
fixed to α
SD
, while ωRkD is determined by [38]:





In (21), γeq,k is the equivalent SNR given in (8).
Note that in high SNR regime, we obtain γeq ≈ γmin
where γmin ¼ min γRkD; γSRk
n o
. And finally, the best
relay can be chosen by the help of (9).
3.3 VN-MRC model
The main idea of VN-based model is the introduction of
virtual noise component at the destination. In this
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x^ βRkD þ nRkD
¼ ﬃﬃﬃﬃﬃEsp xβRkD þ ﬃﬃﬃﬃﬃEsp er βRkD þ nRkD
¼ ﬃﬃﬃﬃﬃEsp xβRkD þ nv þ nRkD;
ð22Þ
where nv is the virtual noise which is independent from
additive white Gaussian noise nRkD and modeled by a
zero-mean complex random variable. The variance of
term er in (22) is N0= αSRkj j2 [14]. The combined signal
at the destination in case of VN-based detection can be
given as [14]:
yD ¼ ωSDySD þ ωRkDyRkD ð23Þ
where the weighting coefficients are determined by:
ωSD ¼ αSD=N0 ð24Þ
ωRkD ¼ βRkD=N0 1þ βRkD
 2= αSRkj j2
 
: ð25Þ
Note that this combining approach eliminates the de-
coding complexity in the classical ML-based detectors
that increases exponentially with the number of the
components in the signal constellation. The conditional
BER of the proposed system for a given relay in VN with
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 2 N0 :
ð27Þ
The conditional BER expression given in (26) can be





Note that this selection criterion in (28) will also be
employed in VN-ML and VN-LLR models given in the
following sections.3.4 VN-ML model
After choosing the best relay with the help of criterion in
(28), ML technique can be used at the destination for de-
tection. In [11,12], LLR of the ML detection for uncoded
DF cooperation with binary modulations is given as:
LLR ¼ t0 þ ψ t1ð Þ ð29Þ
where:
ψ t1ð Þ ¼ ln 1−εrð Þe
t1 þ εr
εret1 þ 1−εrð Þ : ð30Þ
Here, εr is the average BER at the kth relay, and it can









t0 and t1 are log-likelihood ratios of direct and relay

























As mentioned before, in some scenarios, performance
analysis of ML technique can be really hard because of
the nonlinear behavior of the ML detection given in
(29). To overcome this problem, an alternative detector
is proposed in [12] which is called as detector with
piecewise-linear (PL) combiner. This approximation can
be expressed as:
ψ t1ð Þ≈ψPL t1ð Þ ¼
T 1; t1≥T1






where T1 = ln[(1 − εr)/εr] and εr < 1/2.
3.5 VN-LLR model
In this approach, after the relay selection is realized by
using Equation 28, the soft information is transmitted to
the destination by amplifying (scaling) and forwarding
the LLRs at the output of the decoder (decoder-LLR)
[17] instead of making binary hard decisions.
After choosing the best relay with the help of (28), the
signal at the relay is given as [18]:
xR ið Þ ¼ lRELLR ; i ¼ 1;…;Q ð35Þ
where Q is the length of source packet, lR is the
decoder-LLR at the relay and ELLR is the energy of lR. lR
and ELLR can be calculated as:












In the second phase, the relay terminal transmits LLR
information lR to the destination. Thus, the received sig-





lRβRkD þ nRkD ð38Þ
where nRkD is the noise term which is AWGN compo-
nent modeled as complex random variable with zero
mean and variance of N0/2 per dimension. Finally, the
optimal signal combination at the destination is
expressed as:
lcoop ¼ lSD þ lRkD ð39Þ
where lSD and lRkD are the LLRs of source-destination
and kth relay-destination channels, respectively, and can
be calculated by using [17] as:
lRkD ¼
16Es αSRkj j2 βRkD
 2ELLR
16Es αSRkj j2 βRkD







































Figure 2 Error performance curves for when the relays are closed to4 Simulation results
In this section, we present the Monte Carlo simulation
results to show the performance of the proposed
schemes in intervehicular DF-based cooperative commu-
nication system with relay selection. Without the loss of
generality, the distance between source and destination
is normalized to 1 and error performance of considered
system is obtained for different normalized locations of
the relays. The links between S→D, S→ Rk, and Rk→
D are modeled as cascaded Nakagami-m distribution.
The degree of cascading and the fading parameter are
chosen as N = 1, 2, 4 and m = 2, 3, respectively. The vari-
ance of fading coefficient between two terminal (i, j) is
determined by using a path-loss model in the form of
σ2i j ¼ d −υi j , and the path loss coefficient is assigned as
υ = 4 [12]. BPSK modulation is considered and the num-
ber of relays is chosen to be M = 2 and 3. The SNR com-
parisons are done at a BER of 10−5.
In Figure 2, the average BER performance curves of
the considered systems in case of M = 3, N = 2, m = 2,
and dSR = 0.9 are presented. It is seen from this figure
that VN-LLR-based relay selection scheme provides
approximately 3.2, 1.7, 1.4, and 1 dB performance im-
provements compared to the system models with MRC,
VN-MRC, C-MRC, and VN-ML, respectively.
In order to determine the effect of fading parameter
on the performance of the system, we propose the nu-
merical results for M = 3, N = 2, m = 3, and dSR = 0.9 in
Figure 3. As seen from this figure, VN-LLR-based relay
selection scheme outperforms MRC, VN-MRC, C-
MRC, and VN-ML techniques by about 2.4, 2, 1.6, and10 12 14 16 18 20
R(dB)
the destination. M = 3, N = 2, m = 2, and dSR = 0.9.


















Figure 3 Numerical result for M = 3, N = 2, m = 3, and dSR = 0.9.
Akin et al. EURASIP Journal on Wireless Communications and Networking  (2015) 2015:30 Page 7 of 91.2 dB, respectively. The numerical results for m = 2
and m = 3 in Figures 2 and 3 also show that the SNR
gains supplied by the m = 3 case compared to the m =
2 case are approximately 2.6, 1.4, 1.4, 1.5, and 1.7 dB
for MRC, VN-MRC, C-MRC, VN-ML, and VN-LLR
approaches, respectively.
Figure 4 depicts the simulated average BER of MRC, VN-
MRC, and VN-LLR techniques with relay locations dSR =
0.1 and 0.9, degree of cascading N = 2, fading parameter
m = 2, and number of relays M = 2. It is seen that when the




















Solid : dSR = 0.9
Dash : dSR = 0.1
Figure 4 Error performance curves for different relay locations whenloss occurs with respect to the scheme with dSR = 0.1.
The amounts of these SNR losses are 0.7 dB for VN-
LLR, 2.4 dB for VN-MRC, and 4.5 dB for MRC. As it
can be seen from this figure, the probability of detec-
tion error at the relay increases when the distance of
SR link increases, since the average SNR of this link
decreases. It is also observed from Figure 4 that all of
the models give nearly the same average BER perform-
ance when the relay is located closed to the source, i.e.,
dSR = 0.1, since the quality of S→ R link is quite well
in this channel settings.10 12 14 16 18 20
R(dB)
m = 2, N = 2, and M = 2.
























Solid : dSR = 0.9
Dash : dSR = 0.1
Figure 5 Error performance curves for different relay locations when m = 2, N = 2, and M = 3.
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MRC, and VN-LLR techniques with relay locations
dSR = 0.1 and 0.9, degree of cascading N = 2, fading
parameter m = 2, and number of relay M = 3 are pre-
sented. It is seen that the system performance in-
creases as the number of relay increases. The BER
performance of the system decreases nearly about 1.8,
3.5, and 0.2 dB for MRC, VN-MRC, and VN-LLR tech-
niques, respectively, as the relay terminals gets closer
to the destination.
The performance comparison of all of the models for


















Solid : N = 1
Dash : N = 4
Figure 6 Error performance curves for different values of N when relain Figure 6. It is seen that all approaches provide better
average BER performance with decreased degree of cas-
cading (N). The performance improvement with decreased
cascading parameter is nearly about 3.4, 2.8, and 2.7 dB
for VN-MRC, VN-ML, and VN-LLR, respectively.
5 Conclusions
In this paper, the performance analysis of intervehicular
cooperative communication system with relay selection
is examined where the links between S→D, S→ Rk, and
Rk→D have cascaded Nakagami-m distribution. The
simulation results are presented when MRC, C-MRC,10 12 14 16 18 20
R(dB)
ys are closed to the destination. m = 2, M = 3.
Akin et al. EURASIP Journal on Wireless Communications and Networking  (2015) 2015:30 Page 9 of 9VN-MRC, VN-ML, and VN-LLR methods are used at
destination. One can observe from the results that the
performance of considered system increases with decre-
ment of degree of cascading N, increment of fading par-
ameter m and number of relay M. It is also seen that the
best performance is obtained in case of the VN-LLR
technique.
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